Introduction {#sec001}
============

Diapause was initially described by Henneguy \[[@pone.0138758.ref001]\] as a stage of delay in ontogenetic development. Currently, it is defined as a period of arrested development which is controlled physiologically, preprogrammed environmentally and characterized by metabolic depression that can occur during any stage of insect development \[[@pone.0138758.ref002]\], and thus, different from quiescence, which implies immediate direct response to a limiting factor, such as cessation of development due to temperature, and can be quickly reversed to normal conditions \[[@pone.0138758.ref003]\]. Depending on the insect species, diapause can occur at different stages of the life cycle, from embryo to adults \[[@pone.0138758.ref004]\] and be triggered by diverse environmental cues, including temperature, humidity or photoperiod \[[@pone.0138758.ref005]\].

In *Drosophila*, reproductive diapause is observed in adult females and is defined as the cessation of ovarian development and reproductive activity at an immature stage \[[@pone.0138758.ref006]--[@pone.0138758.ref010]\]. In the northern species from the *Drosophila* subgenus, photoperiod is the most reliable diapause inducing cue, although low temperatures seem to be also important \[[@pone.0138758.ref011], [@pone.0138758.ref012]\]. Moreover, in species from the *D*. *auraria* complex (*Sophophora* subgenus), photoperiodic changes are also important for the setting of diapause \[[@pone.0138758.ref010], [@pone.0138758.ref013]\]. Nevertheless, in *D*. *melanogaster* (*Sophophora* subgenus), the relative importance of photoperiod and low temperatures (such as 11°C) is not clear (e.g. \[[@pone.0138758.ref014], [@pone.0138758.ref015]\]). In *D*. *montana* (*Drosophila* subgenus), females must experience three or more short day cycles during the sensitive period (while the ovaries are still immature) in order to diapause \[[@pone.0138758.ref016]\]. In this species, the sensitive period for diapause induction is shorter at higher temperatures (about 8 days after eclosion at 16°C and 4--5 days after eclosion at 19°C), since it is limited by the faster development rate of the ovaries at these temperatures \[[@pone.0138758.ref016]\].

At high latitudes, where the unfavorable season is longer, *Drosophila* females are expected to show a higher propensity to diapause than at low latitudes, where the unfavorable season is shorter. Compatible with this view, latitudinal gradients for diapause incidence have been reported for species from different geographical locations, such as, European populations of *D*. *littoralis* \[[@pone.0138758.ref006]\] and *D*. *montana* \[[@pone.0138758.ref009], [@pone.0138758.ref017]\], Japanese populations of *D*. *lacertosa* \[[@pone.0138758.ref007]\] and North American populations of *D*. *melanogaster* \[[@pone.0138758.ref008], [@pone.0138758.ref018]\]. Besides the varying latitudinal incidence, diapause also cycles temporally in *D*. *melanogaster* \[[@pone.0138758.ref019]\]. Life-history trade-offs, associated with variation for the diapause phenotype, likely maintain the observed gradients \[[@pone.0138758.ref008], [@pone.0138758.ref009], [@pone.0138758.ref020], [@pone.0138758.ref021]\].

Juvenile hormones, ecdysteroids, and the neuropeptides that govern juvenile hormone and ecdysteroid synthesis, as well as genes from the *insulin* signaling pathway and circadian clock genes have been shown to be important components of the regulatory pathway leading to the diapause phenotype \[[@pone.0138758.ref010], [@pone.0138758.ref022]--[@pone.0138758.ref026]\], and in *D*. *melanogaster*, allele gradients that correlate with diapause incidence have been reported for *timeless* (a circadian clock gene) in European populations \[[@pone.0138758.ref027], [@pone.0138758.ref028]\] and for *couch potato* (a gene that may make the link between the *insulin* signaling pathway and the hormonal control of diapause) in North American populations \[[@pone.0138758.ref018], [@pone.0138758.ref029]\]. Nevertheless, the *couch potato* variant that shows the strongest association with diapause incidence in North American populations is not correlated with diapause incidence in Australian populations \[[@pone.0138758.ref030]\].

The slower metabolism, as well as the increase in cold and starvation resistance that is characteristic of diapausing insects represents an advantage to cope with the long cyclic unfavorable climate conditions \[[@pone.0138758.ref002], [@pone.0138758.ref031]--[@pone.0138758.ref035]\]. Moreover, *D*. *melanogaster* females that have been in diapause for periods of time as long as nine weeks have the same post-diapausing lifespan (LS) as new born flies reared at 25°C \[[@pone.0138758.ref015], [@pone.0138758.ref036]\]. The reasons for such LS extension are not well understood, but may be related to the slower metabolism. It has been recently suggested that the rate of senescence of *D*. *melanogaster* female intestines is slow down under diapause inducing conditions \[[@pone.0138758.ref037]\]. Therefore, it is conceivable that the development of the female as a whole, rather than the ovarian development alone (which is phenotypically more evident; \[[@pone.0138758.ref006]--[@pone.0138758.ref010]\]), is delayed by diapause. This would imply that diapausing females are biologically much younger than their chronological age.

In this work, we show that, in *D*. *americana* (a temperate species of the *virilis* group), diapause is a genetically determined delay in ovarian development that is triggered by temperature and/or photoperiod. This species belongs to an old lineage of temperate species \[[@pone.0138758.ref038], [@pone.0138758.ref039]\], and thus, the ability to diapause has been very relevant during its evolutionary history. Diapause incidence increases with latitude, ranging from 13% in the southernmost range of the distribution to 91% in the northernmost range of the distribution. When exposed to diapause inducing conditions, both diapausing and non-diapausing females show a 10% increase in lifespan, that is further increased by 18.6% in diapausing females. Thus, senescence is far from being negligible. *ActinD1* expression levels suggest that diapausing females are biologically much younger than their chronological age. Interestingly, the development of the fly as a whole, rather than the ovarian development alone, which is phenotypically more evident, is delayed by diapause.

Materials and Methods {#sec002}
=====================

Fly strains {#sec003}
-----------

In order to identify strains showing a clear diapausing and non-diapausing phenotype, 39 *D*. *americana* strains from north, center and south of United States of America were assayed. From the north of the distribution, isofemale strains (O30, O31, O33, O34, O35, O37, O39, O40, O43, O45, O50, O53, O57, O62 and O67) were established with flies collected at the end of July 2008, in Fremont (Nebraska). From the center of the distribution, isofemale strains were established with flies collected at the end of July and beginning of August 2004 from Howell Island, Missouri (HI14, HI18, HI23, HI25 and HI29); and from Lake Wappapelo, Missouri (W11, W25, W26, W29, W33, W36, W37 and W46). Moreover, from the south of the distribution, isofemale strains were established with flies collected in June 2005 in Corney Bayou, Louisiana (CB05.08, CB05.20, CB05.22 and CB05.24), at the end of May in Cat Island, Louisiana (CI05.20, CI05.28 and CI05.30), and during the summer of 2010 at Pearl River, Mississippi (RB10.20 and RB10.22) by Bryant McAllister (Iowa University, Iowa, USA), who kindly sent us the strains. Lastly, strains SF12 and SF14 were established with flies collected at the end of July 2010 at Saint Francisville, Louisiana.

Reproductive diapause phenotyping {#sec004}
---------------------------------

For each strain described above, about 20 *D*. *americana* virgin female flies were collected under brief CO~2~ anesthesia after eclosion at 25°C under 12h of light and 12h of dark cycles (12L:12D). Then, they were kept in bottles with culture medium in a climate chamber at 11°C under 10h of light and 14h of dark cycles (10L:14D) for 28 days (diapause inducing conditions) in the absence of males. Moreover, about 20 virgin female flies were collected and reared in bottles with culture medium under non-diapause inducing conditions (12L:12D at 25°C) for 28 days in order to check for complete oocytes development. When flies were 28 days old, all virgin females from each strain were individually examined for the developmental stage reached by the oocytes. Each female was anesthetized in CO~2~ and dissected in a drop of 50 μl of PBS (Phosphate Buffered Saline) using jeweler's forceps to reveal the ovaries. Oocytes were found at various stages of development in the ovaries of each fly. The most advanced oocyte present in each female was used to categorize the fly according to the stages of ovary development described in \[[@pone.0138758.ref040]\]. Reproductive diapause is considered if ovarian development in all oocytes is arrested prior to vitellogenesis (the most advanced oocyte was ≤ stage seven). Evidence for virgin females showing immature ovaries (all the oocytes arrested prior to vitellogenesis) after 28 days under non-diapause inducing conditions was obtained for strains O45, W33 and W36. These strains were excluded from the analysis, since, when reared under non-diapause inducing conditions they already show a phenotype that is indistinguishable from the diapause phenotype. The sums of diapausing and non-diapausing females for each population were used to address whether the differences in diapause incidence between populations from the same geographical location are statistically significant, using two-by-two contingency tables and Fisher's exact test, implemented in SPSS Statistics 22.0 (IBM, New York, USA).

In order to elucidate the diapause phenotype, we decided to take pictures of ovaries of flies reared under non-diapause inducing conditions and ovaries of flies reared under diapause inducing conditions showing either diapausing or non-diapausing phenotypes. The flies were dissected as mentioned above and the pictures were taken using a stereomicroscope Nikon ZMS 1500 H with a magnification of 11.5X to include all three pairs of ovaries, and larger magnifications to get a closer look of ovaries of non-diapausing (60X) and diapausing females (112.5X). The resulting JPG files were saved with a resolution of 1600x1200 pixels. Then, the area of the different ovaries was measured by counting the number of pixels corresponding to these structures from the photo which captured all three types of ovaries (see [Results](#sec007){ref-type="sec"}) by using ImageJ (<http://imagej.nih.gov/ij/>, \[[@pone.0138758.ref041]\]). A scale was photographed also, under the same conditions, to allow for the conversion between number of pixels and μm^2^. In order to get an estimate of ovaries volumes, the values obtained for the areas were transformed to radius ($r\mspace{2mu} = \mspace{2mu}\left. \sqrt{}\frac{A}{\pi} \right.$), thus approaching them as the areas of circles, and then these values were used to determine the volume of the ovaries by approaching them as the volumes of spheres $(\frac{4}{3}\pi r^{3})$.

Lifespan experiments {#sec005}
--------------------

About 60 virgin females of each of the two strains (O53 (diapausing) and CB05.08 (non-diapausing)) were collected after eclosion, transferred to bottles containing standard medium and kept under diapause inducing conditions. After 28 days these female flies were individually transferred to single vials and then were reared in a climate chamber under non-diapause inducing conditions. At the same time 60 new born virgin females of each of both strains were collected and individually transferred to single vials containing standard medium and were introduced in the same climate chamber under non-diapause inducing conditions. All the vials were checked every other day and the individuals were changed into new vials every week until they were dead in order to determine their LS. Non-parametric tests, implemented in SPSS Statistics 22.0 (IBM, New York, USA), were used to test for significant differences between LS distributions.

Gene expression {#sec006}
---------------

The expression levels of *Actin79B* (known as *ActinD1* in *D*. *virilis*; see \[[@pone.0138758.ref042]\]) drop dramatically with adult age both in *D*. *melanogaster* and *D*. *virilis* (a species closely related to *D*. *americana*). Thus, in order to determine if the pattern of expression decay observed at 25°C is observed at 11°C and if it is different between diapausing and non-diapausing females, the *ActinD1* expression levels were determined in new born flies (collected at the same day of eclosion) and 28 days old virgin females raised under 12L:12D at 25°C and 10L:14D at 11°C. Three independent sets of two new born females, as well as three independent sets of two 28 days old virgin females in reproductive diapause (strain O53) and in non-reproductive diapause (strain CB05.08) were snap-frozen in liquid nitrogen. For controls, three independent sets with two 28 days old females showing fully mature ovaries were also snap-frozen. In order to determine if *ActinD1* expression levels could be used as a molecular marker of biological age (see [Results](#sec007){ref-type="sec"}), three independent sets of two 15 days old virgin O53 females and three independent sets of two 20 days old virgin CB05.08 females were also collected. All flies were stored at -80°C for further RNA extractions. Sets of two females were used for each condition to guarantee an RNA concentration high enough for further cDNA synthesis.

Independent pools containing nine females of strains from the north and pools containing nine females of strains from the south of the *D*. *americana* distribution reared under 12L:12D at 25°C, as well as under 10L:14D at 11°C were also prepared, in order to confirm that the expression levels obtained for *ActinD1* are not caused by the specific backgrounds of O53 and CB05.08. For each condition, three independent pools consisting of one female of each of the nine northern strains showing over 90% of diapause incidence (O31, O33, O37, O39, O43, O50, O53, O62, and O67; [Table 1](#pone.0138758.t001){ref-type="table"}) and three independent pools containing one female of each of the nine strains from the south of the distribution showing less than 15% of diapause incidence (CB05.08, CB05.20, CB05.22, CB05.24, CI05.28, RB10.20, RB10.22, SF12, and SF14; [Table 1](#pone.0138758.t001){ref-type="table"}) were snap frozen and stored at -80°C for further mRNA extraction.

10.1371/journal.pone.0138758.t001

###### Reproductive diapause incidence on *D*. *americana* strains from north, center and south of the distribution.

![](pone.0138758.t001){#pone.0138758.t001g}

  Strain    Diapause   Non-Diapause   \% diapause
  --------- ---------- -------------- -------------
  O31       20         0              100
  O33       20         0              100
  O37       15         0              100
  O40       20         0              100
  O43       20         0              100
  O53       20         0              100
  O67       19         1              95
  O39       18         2              90
  O50       18         2              90
  O62       18         2              90
  O30       16         4              80
  O34       16         4              80
  O57       16         4              80
  O35       11         9              55
  HI14      4          9              31
  HI18      10         10             50
  HI23      9          12             43
  HI25      4          15             21
  HI29      9          1              90
  W11       15         3              83
  W25       3          17             15
  W26       13         0              100
  W29       0          20             0
  W37       16         4              80
  W46       15         5              75
  CB05.08   0          20             0
  CB05.20   2          11             15
  CB05.22   0          19             0
  CB05.24   0          20             0
  RB10.20   1          17             6
  RB10.22   1          12             8
  CI05.20   7          13             35
  CI05.28   2          18             10
  CI05.30   0          13             0
  SF12      0          20             0
  SF14      0          20             0

Total RNA was isolated from whole bodies of virgin females of each sample using TRIzol Reagent (Invitrogen, Spain) according to the manufacturer's instructions and treated with Turbo DNA-free kit (Life technologies, Carlsbad, California, USA). The purity and concentration of each sample extracted was measured with NanoDrop ND-1000 spectrophotometer (NanoDrop, Thermo Scientific, Portugal) and RNA integrity was checked using Experion platform (Bio-Rad, Portugal; all the samples had RQI values above 8.6). cDNA was synthesized by reverse transcription of 1.0 μg of RNA of each sample with SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen, Spain) using random primers. Reactions where template was not added and reactions with RNA that was not reverse transcribed were performed to confirm the absence of genomic DNA contamination. qPCR was performed using two technical replicates of all the cDNA samples and specific primers for *ActinD1* and the reference gene *RpL32* with the iQ SYBR Green Supermix (Bio-Rad, Portugal) according to the manufacturer's instructions on a Bio-Rad iCycler with the following program: 3 min at 95°C; 40 cycles of 30 s at 94°C, 30 s at 56°C and 30 s at 72°C followed by a standard melt curve and 3 min at 95°C. Specific primers for *ActinD1* (F: 5\' CTACTCGTTCACCACCAC 3' and R: 5\' TACCGCCAGACAGCACAT 3\') and for the reference gene *RpL32* (F: 5\' ACAACAGAGTGCGTCGTC 3\' and R: 5\' ATCTCCTTGCGTTTCTTC 3\') were developed based on the *D*. *americana* genomes \[[@pone.0138758.ref043]\]. We have confirmed that these primers have a unique pairing sequence using BLAST search and the qPCR reactions were followed by standard melt curves to confirm the presence of a single PCR product with the melting temperature similar to the expected sequences. The efficiencies of the primers were measured using serial dilutions of cDNA and they are in between 90 and 100%. Gene *RpL32* (also known as *rp49*) was used as reference gene, because it is commonly used in *D*. *melanogaster* (e.g. \[[@pone.0138758.ref037]\]), and although, it could be argued that the expression of this gene may be different between these two species, we have obtained similar CT values between treatments and controls. The means of normalized *ActinD1* expression were calculated using the 2^-∆CT^ method \[[@pone.0138758.ref044], [@pone.0138758.ref045]\] and the Student's *t* test was applied to the data to address if there were significant changes in gene expression.

Results {#sec007}
=======

Reproductive diapause in *D*. *americana* {#sec008}
-----------------------------------------

In *Drosophila*, reproductive diapause is considered if ovarian development in all oocytes is arrested prior to vitellogenesis (the most advanced oocyte is ≤ stage seven according to King \[[@pone.0138758.ref040]\]). In *D*. *americana*, the ovaries of non-diapausing flies reared under diapause inducing conditions for 28 days are vitellogenic, since they show a lot of chorionated oocytes. However, the area of these ovaries (1.37mm^2^) corresponds to 57% of the area of the ovaries of flies reared for 28 days under non-diapausing conditions (2.41mm^2^) ([Fig 1](#pone.0138758.g001){ref-type="fig"}), suggesting an abnormal or delayed development caused by diapause inducing conditions alone. On the other hand, the ovaries of diapausing flies show previtellogenic oocytes only, and their area (0.26mm^2^) is 19% of the ovaries area of flies reared under the same conditions, but that are unable to diapause (1.37 mm^2^) ([Fig 1](#pone.0138758.g001){ref-type="fig"}). The area of these ovaries was used as a proxy to size, but these are tridimensional structures. When the values of the areas are transformed into volumes (see [Materials and Methods](#sec002){ref-type="sec"} for details), the size of ovaries of diapausing flies (0.10 mm^3^) is now 8% of the size of ovaries of non-diapausing flies reared under diapause inducing conditions for 28 days (1.20mm^3^), and non-diapausing ovaries show 43% of the size of the ovaries of flies reared for 28 days under non-diapausing conditions (2.81mm^3^). Thus, the differences in ovarian sizes are even higher, when the volumes are considered. These results demonstrate that, after 28 days, *D*. *americana* diapausing flies show an explicit phenotype of underdeveloped ovaries which is clearly distinguishable from the non-diapausing phenotype.

![The phenotype of *D*. *americana* reproductive diapause.\
*Drosophila americana* 28 days-old ovaries of female flies reared since eclosion under non-diapausing conditions (12L:12D at 25°C, A), and reared since eclosion under diapause-inducing conditions (10L:14D at 11°C) showing non-diapause (B) or diapause (C) phenotypes. The non-diapausing (B') and diapausing ovaries (C') are also shown with higher magnifications. A scale of 500μm is provided in all pictures.](pone.0138758.g001){#pone.0138758.g001}

Geographic variation in diapause incidence {#sec009}
------------------------------------------

The frequency of diapausing females, at 28 days of age raised since eclosion under diapause inducing conditions, was determined for 14 isofemale strains from the north, 11 from the centre and 11 from the south of the distribution ([Table 1](#pone.0138758.t001){ref-type="table"}). As expected, in the northern population at least 55% of the individuals of each strain were in diapause and for 93% of the strains more than 80% of the females showed a diapausing phenotype. The strains from the center of the distribution (from two different populations) show a great variation in diapause incidence, from 0% to 100%, but for 36% of the strains more than 80% of the individuals showed a diapausing phenotype. A very low diapause incidence is observed for strains from the three southernmost populations ranging from 0% to 35% with more than half of the strains showing no diapausing individuals. The proportions of diapausing females are not different between the two populations from the center (Fisher's exact test, P = 0.110) nor between the three populations from the south (Fisher's exact test, P = 0.582, P = 0.115 and P = 0.729 for CB v. RB, CB v. CI&SF and RB v. CI&SF, respectively). Moreover, the proportion of diapausing females from the northern population of Omaha is significantly different from all proportions of diapausing females observed for the other five populations (Fisher's exact test; 1.70E-47\< P \< 6.90E-13) and both populations from the center show significant differences in the proportion of diapausing females when compared with the three southernmost populations (Fisher's exact test; 1.55E-15\< P \< 1.09E-4). When the data obtained for all the strains are grouped into northern, center and southern populations, the differences are even more significant (Fisher's exact test; P = 1.74E-21, P = 6.13E-82 and P = 1.98E-23 for north v. center, north v. south and center v. south, respectively). Therefore, in *D*. *americana*, as expected given the observations in other *Drosophila* species \[[@pone.0138758.ref006], [@pone.0138758.ref007], [@pone.0138758.ref009], [@pone.0138758.ref033]\], diapause incidence increases with latitude. When the percentages of diapausing females are plotted against latitude, almost 70% of the diapause incidence can be explained by the geographical origin of the different populations ([Fig 2](#pone.0138758.g002){ref-type="fig"}).

![Geographical origin and diapause incidence of different populations of *D*. *americana* across the USA.\
Diapause frequencies are represented by the color portion of the circular graphics close to the geographical coordinates and collection sites (O--Fremont, Nebraska, HI--Howell Island, Missouri; W--Lake Wappapelo, Missouri; RB--Pearl River, Mississippi; CB--Corney Bayou, Louisiana; and CI&SF--Cat Island, Saint Francisville, Louisiana) of the strains phenotyped (A). Diapause frequencies of each strain were used for the linear regression with the latitude of origin, and are presented by the average ± standard error of the mean (S.E.M) for each population. The slope of the curve represents the increase on diapause incidence with latitude and the R^2^ value, the amount of variation on this phenotype explained by latitude (69.3%) (B).](pone.0138758.g002){#pone.0138758.g002}

Diapausing flies live longer {#sec010}
----------------------------

Following the observation of negligible senescence of *D*. *melanogaster* diapausing females \[[@pone.0138758.ref015], [@pone.0138758.ref036]\], we determined the LS of *D*. *americana* diapausing and non-diapausing females and the LS of their respective controls. Since, there are significant differences on the average LS between *D*. *americana* from the north and south of the distribution \[[@pone.0138758.ref043]\], that if ignored could confuse the interpretation of the results, we first assayed the average LS of strain O53 (from the north; diapausing) and CB05.08 (from the south; non-diapausing). When raised under 12L:12D at 25°C, these two strains show no statistically significant difference regarding LS (Non-parametric Mann-Whitney Test; P \> 0.05; see also [Table 2](#pone.0138758.t002){ref-type="table"}), and thus, we can directly compare the results obtained for the two strains in order to dissociate the effect of the diapause inducing conditions from the diapause effect *per se*.

10.1371/journal.pone.0138758.t002

###### Lifespan (in days) summary statistics for diapausing (O53-D) and non-diapausing (CB05.08-ND) females reared under diapause inducing conditions (10L:14D at 11°C) for 28 days and then transferred into non-diapause inducing conditions (12L:12D at 25°C) and controls (C) reared exclusively under non-diapause inducing conditions.

![](pone.0138758.t002){#pone.0138758.t002g}

                           N    Mean   St-dev   S.E.M   Range
  ------------------------ ---- ------ -------- ------- ---------
  O53-D (11°C+25°C)        58   96.4   23.7     3.1     42--134
  O53-D (25°C)             58   68.4   23.7     3.1     14--106
  CB05.08-ND (11°C+25°C)   58   88.0   23.5     3.1     41--129
  CB05.08-ND (25°C)        58   60.0   23.5     3.1     13--101
  O53-C                    60   83.2   22.2     2.9     17--111
  CB05.08-C                60   80.0   16.3     2.1     31--101

LS was determined since the day females were born (11°C+25°C and C) or since the day they were transferred into non-diapause inducing conditions (25°C)

When females are reared for 28 days under diapause inducing conditions and then transferred to non-diapause inducing conditions, they live significantly longer (15.9% for strain O53, and 10.0% for strain CB05.08) than their controls reared exclusively under non-diapause inducing conditions (Non-parametric Mann-Whitney Test; P \< 0.005 and P \< 0.001 for strains O53 and CB05.08, respectively; see also [Table 2](#pone.0138758.t002){ref-type="table"}). Given that CB05.08 is a non-diapausing strain ([Table 1](#pone.0138758.t001){ref-type="table"}), the LS extension observed for this strain is a direct consequence of the diapause inducing conditions *per se*. Under the assumption of a similar effect of the diapause inducing conditions *per se* on strain O53, diapause itself is responsible for the observed additional LS extension of 5.9%. The LS extension difference between the two strains is borderline non-significant (Non-parametric Mann-Whitney Test; P = 0.055).

Since there are no LS differences when comparing O53 and CB05.08 controls (see above), it seems reasonable to assume that the two strains have a similar death rate, and that the LS extension difference of 5.9% must have happened in the first 28 days. Under these assumptions we estimate a reduction in the ageing rate of 47.1% for diapausing and 28.6% for non-diapausing females when raised under diapause inducing conditions. Therefore, although there is an ageing slow down, senescence is far from being negligible and the biological ages estimated for O53 diapausing and CB05.08 non-diapausing females after 28 days are 14.2 and 20.0 days old, respectively. Moreover, when we measure LS starting from the day the flies were transferred into non-diapause inducing conditions, both CB05.08 and O53 females live 25.0% and 17.7% less than the controls, respectively (Non-parametric Mann-Whitney Test; P \< 0.001 for both CB05.08 and O53) ([Fig 3](#pone.0138758.g003){ref-type="fig"}), showing again that senescence is far from being negligible during the period flies remained in diapause inducing conditions.

![Diapause inducing conditions increase LS, which is more pronounced in diapausing females when compared with non-diapausing ones.\
Survival curves throughout time are shown for *D*. *americana* strains O53 (diapausing) and CB05.08 (non-diapausing) reared under non-diapause inducing conditions (12L:12D at 25°C; controls) and at the same conditions after being reared for 28 days under diapause inducing conditions (10L:14D at 11°C; O53-D (11°C+25°C) and CB05.08-ND (11°C+25°C)). Additional curves are presented for the same O53-D and CB05.08-ND females, but with LS measured starting from the day they were transferred into non-diapause inducing conditions (25°C).](pone.0138758.g003){#pone.0138758.g003}

The *ActinD1* expression level is highly correlated with LS extension {#sec011}
---------------------------------------------------------------------

Given that LS is extended both in diapausing and in non-diapausing females reared under diapause inducing conditions, we hypothesized that flies under those conditions should have a gene expression pattern that is compatible with flies younger than their chronological age. Both in *D*. *melanogaster* and *D*. *virilis* (a species closely related to *D*. *americana*), *Actin79B* (known as *ActinD1* in *D*. *virilis*; see \[[@pone.0138758.ref042]\]) expression levels drop dramatically with adult age. Thus, we hypothesized that the expression of this gene could be a marker of biological age. This gene is expressed at high levels in the TDT (tergal depressor of the trochanter) muscle and in some other tubular muscles of the legs both in *D*. *melanogaster* \[[@pone.0138758.ref046]\] and in *D*. *virilis* \[[@pone.0138758.ref042]\]. Moreover, there is very little or even no expression in ovaries (modENCODE project (\[[@pone.0138758.ref047]\]; Flybase.org)). Therefore, *ActinD1* expression levels are independent of the oocyte stages which are used to characterize a female fly as diapausing or non-diapausing. Our results indicate that, as expected, in *D*. *americana*, *ActinD1* expression is highest in newborn females followed by diapausing individuals, non-diapausing individuals reared under diapause inducing conditions and finally in individuals reared under 12L:12D at 25°C ([Fig 4](#pone.0138758.g004){ref-type="fig"}). When *ActinD1* expression levels of females reared under diapause and non-diapause inducing conditions are plotted against the average LS determined in the previous section, 94% of the variation is explained (R^2^ = 0.94; P \< 0.001; [Fig 5](#pone.0138758.g005){ref-type="fig"}). Thus, also as expected, the *ActinD1* expression levels accurately reflect the observed differences in LS. According to the ageing slowdown rates estimated in the previous section, after 28 days under 10L:14D at 11°C, O53 diapausing and CB05.08 non-diapausing females should be of the same biological age as 15 and 20 days old females reared under 12L:12D at 25°C, respectively. Nevertheless, the expression levels of 15 days old O53 females and 20 days old CB05.08 females reared under non-diapause inducing conditions are significantly lower (Student's *t* test; P \< 0.01) than those from females reared under diapause inducing conditions. They are, however, not statistically different from 28 days old controls ([Fig 6](#pone.0138758.g006){ref-type="fig"}). Thus, the slowing down in the rate of ontogenetic development induced by the diapause inducing conditions and diapause *per se* (reflected in the *ActinD1* expression levels), is greater than the slowdown in the ageing rate. Compatible with the ontogenetic delay caused by diapause inducing conditions, as well as by diapause *per se*, is the observation made in this work that, in *D*. *americana*, ovaries are smaller when both diapausing and non-diapausing flies are exposed to diapause inducing conditions, and that diapausing females have the smallest ovaries. Since, *ActinD1* shows very little or even no expression in ovaries, the observed ontogenetic delay must affect the fly as a whole.

![*ActinD1* expression levels drop slowly under diapause inducing conditions.\
Differences in *ActinD1* gene expression levels were addressed between new born females (0d), diapausing (D) and non-diapausing (ND) 28 days old females reared under diapause inducing conditions (10L:14D at 11°C) and controls (C) reared for 28 days under non-diapause inducing conditions (12L:12D at 25°C). The reference gene *RpL32* was used to normalize the expression values. Three biological replicates were used for each sample and the averages of the log-transformed values of 2^-∆CT^ are presented with their respective S.E.M. A two-tailed Student's *t* test assuming equal variances was used to address if the averages of normalized *ActinD1* expression levels of the different samples and treatments are significantly different (\* 0.05 \> P \> 0.01; \*\* 0.01 \> P \> 0.001; \*\*\* P \< 0.001).](pone.0138758.g004){#pone.0138758.g004}

![*ActinD1* expression levels are highly correlated with LS expectancy.\
Fold changes in *ActinD1* expression levels obtained for 28 days old controls (O53-C and CB05.08-C), as well as for 28 days old diapausing (O53-D) and non-diapausing females (CB05.08-ND) were plotted against their respective LS values obtained under 12L:12D at 25°C (excluding the first 28 days). Three biological replicates were used for each sample, and the individual log-transformed expression values were used for the linear regression. The averages of the log-transformed values of 2^-∆CT^ are presented with their respective S.E.M.. The slope of the curve represents the increase in *ActinD1* expression levels with increased LS expectancy, and the R^2^ value the amount of variation in expression levels explained by LS (94%).](pone.0138758.g005){#pone.0138758.g005}

![*ActinD1* expression level can be used as a marker of ontogenetic delay, which results in extended LS, but it is not a marker of biological age.\
Differences in *ActinD1* gene expression levels were determined between 28 days old diapausing females (O53-D), 15 days old (O53-15d) and control females (O53-C) reared for 28 days under non-diapause inducing conditions (12L:12D at 25°C), as well as between 28 days old non-diapausing females (CB05.08-ND), 20 days old (CB05.08-20d) and controls (CB05.08-C) reared for 28 days under non-diapause inducing conditions (12L:12D at 25°C). The reference gene *RpL32* was used to normalize the expression values. Three biological replicates were used for each sample and the averages of the log-transformed values of 2^-∆CT^ are presented with their respective S.E.M.. A two-tailed Student's *t* test assuming equal variances was used to address if the averages of normalized *ActinD1* expression levels of the different samples and treatments are significantly different (n.s. P \> 0.05; \* 0.05 \> P \> 0.01; \*\* 0.01 \> P \> 0.001; \*\*\* P \< 0.001).](pone.0138758.g006){#pone.0138758.g006}

In order to address whether our conclusions could be affected by the use of a single diapausing and a single non-diapausing strain, qPCR was performed using pools containing females of different strains from the north showing over 90% of diapause incidence and pools containing females from different strains from the south showing less than 15% of diapause incidence, reared under 12L:12D at 25°C or 10L:14D at 11°C. The *ActinD1* expression levels obtained for pools of diapausing females are similar to those obtained for O53 diapausing females, and the expression levels of pools of non-diapausing females and CB05.08 non-diapausing females are also similar. Similar results were obtained when control pools from the north and south were compared with O53 and CB05.08 controls, respectively. It should be noted that when using these pools, the differences between diapausing and non-diapausing females remained significant ([Fig 7](#pone.0138758.g007){ref-type="fig"}).

![The pattern of *ActinD1* expression is not specific of the genetic background of the two strains used in this work.\
*ActinD1* gene expression levels of pools of 28 days old diapausing females from nine strains from the north of the distribution showing over 90% of diapause incidence and pools of 28 days old control flies reared under non-diapause inducing conditions were compared with the expression levels obtained for O53 diapausing females and controls. The expression levels of *ActinD1* were also obtained for pools of 28 days old non-diapausing females from nine strains from the south of the distribution showing less than 15% of diapause incidence and pools of 28 days old control flies reared under non-diapause inducing conditions and then they were compared with the expression levels obtained for CB05.08 non-diapausing females and controls. The reference gene *RpL32* was used to normalize the expression values. Three biological replicates were used for each sample and the averages of the log-transformed values of 2^-∆CT^ are presented with their respective S.E.M. A two-tailed Student's *t* test assuming equal variances was used to address if the averages of normalized *ActinD1* expression levels of the different samples and treatments are significantly different (n.s. P \> 0.05; \*\* 0.01 \> P \> 0.001).](pone.0138758.g007){#pone.0138758.g007}

Discussion {#sec012}
==========

*D*. *americana* diapausing females show the typical features of diapause observed in other *Drosophila* species, such as small ovary size associated with underdeveloped oocytes and higher incidence with increased latitude \[[@pone.0138758.ref006], [@pone.0138758.ref007], [@pone.0138758.ref009], [@pone.0138758.ref033]\]. It should be noted that in this species, under the conditions used here (10L:14D at 11°C; the usual conditions for *D*. *melanogaster*; \[[@pone.0138758.ref014], [@pone.0138758.ref048]\]), non-diapausing females from the very south of the distribution take about three to four weeks to develop vitellogenic ovaries (data not shown). Therefore, in order to clearly distinguish the two phenotypes, it is best to look at four week old females.

An increase in LS was observed for non-diapausing females reared under diapause inducing conditions. This is not surprising, since it is well established that LS is extended at low temperatures in the absence of diapause \[[@pone.0138758.ref043], [@pone.0138758.ref049], [@pone.0138758.ref050]\]. For instance, in *D*. *americana*, a decrease of 7°C (from 25°C to 18°C), on average, extends by two and three times the LS of females and males, respectively \[[@pone.0138758.ref043]\]. This observation is compatible with that obtained for *D*. *melanogaster* \[[@pone.0138758.ref049], [@pone.0138758.ref050]\]. In the northern *D*. *americana* strain, however, LS extension is not due to exposure to diapause-inducing conditions alone. Indeed, non-diapausing females reared for 28 days under these conditions and then at 25°C, do not show a LS extension as large as diapausing females reared under the same conditions. By comparing these two observations we can rule out the effect of temperature/photoperiod alone and estimate that diapause itself extends LS by about 18.6%. Nevertheless, when we start counting longevity from the moment diapausing females are transferred to the same conditions as controls, (under 12L:12D at 25°C after being reared at 11°C under 10L:14D for 28 days) they do not live as long as controls (raised exclusively at 25°C under 12L:12D). Thus, senescence in virgin diapausing females is far from being negligible. This is in sharp contrast to what has been reported for *D*. *melanogaster* \[[@pone.0138758.ref015], [@pone.0138758.ref036]\]. Other *Drosophila* species must be analyzed as well, in order to determine whether, in general, senescence is negligible in diapausing females.

In *D*. *melanogaster* and *D*. *virilis* (a species closely related to *D*. *americana*) adults, the *ActinD1* expression level drops dramatically with age \[[@pone.0138758.ref042]\]. The *ActinD1* expression levels of 28 days old *D*. *americana* non-diapausing females reared under diapause inducing conditions suggest that they are younger than their chronological age, and that diapausing females are even biologically younger than non-diapausing ones reared under the same conditions. The pattern of expression of *Culex pipiens Actin 2* gene (the ortholog of *D*. *americana ActinD1*) in diapausing mosquitoes (high expression levels early in diapause that decay with time \[[@pone.0138758.ref051]\]) is compatible with this view. It should be noted that in *Drosophila* adults, this gene is expressed at high levels in the TDT muscle and in some other tubular muscles of the legs \[[@pone.0138758.ref042], [@pone.0138758.ref046]\], and that there is very little or no expression in ovaries (modENCODE project (\[[@pone.0138758.ref047]\]; Flybase.org)). The slowdown in the rate of ontogenetic development induced by the diapause inducing conditions and diapause *per se* (reflected in the *ActinD1* expression levels) is, however, greater than the slowdown in the ageing rate. It has been suggested that the slowing down of the ageing rate could be a consequence of the overall depression of the fly metabolism due to the diapausing state \[[@pone.0138758.ref037]\], and the same could be true for the rate of ontogenetic development. Our observations suggest that the development of the whole fly, rather than the ovarian development alone (which is phenotypically more evident \[[@pone.0138758.ref006]--[@pone.0138758.ref010]\]) is delayed by the diapause inducing conditions and by diapause *per se*. Compatible with this view, is the observation that the rate of senescence of *D*. *melanogaster* female intestines is slowing down under diapause inducing conditions \[[@pone.0138758.ref037]\].

Kankare *et al*. \[[@pone.0138758.ref052]\] reported significant differences in expression levels for 24 out of 101 genes when comparing young (one day old), diapausing (14 days old) and reproducing (14 days old) *D*. *montana* females. Not surprisingly, 16 out of these 24 genes show significant changes when comparing reproducing versus young flies. The same patterns are observed for these 16 genes in *D*. *melanogaster* according to the modENCODE project (\[[@pone.0138758.ref047]\]; Flybase.org), revealing significant ageing in reproducing flies. On the other hand, only seven out of the 24 genes show significant differences between diapausing and young females. Thus, according to gene expression, diapausing females are biologically older than young (one day old) flies, but younger than reproducing ones of the same chronological age. Therefore, for some genes, diapausing females show expression levels compatible with flies younger than their chronological age, making it unclear whether such changes could be solely due to the ageing slowdown that seems to be typical of diapause. The identification of genes that are specifically up and down regulated due to the diapause state itself may be thus, more difficult than anticipated.

In summary, in *D*. *americana*, diapause is a genetically determined delay in ovarian development that is triggered by temperature and/or photoperiod. Flies that are reared under diapause inducing conditions are biologically younger than their chronological age, and show a delay in the rate of ontogenetic development, and this effect is further exacerbated in diapausing females. Nevertheless, in *D*. *americana* diapausing females, under the conditions used here, senescence is far from being negligible.
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